Coordination of gastrointestinal function relies on joint efforts of enteric neurons and glia, whose crosstalk is vital for the integration of their activity. To investigate the signaling mechanisms and to delineate the spatial aspects of enteric neuron-to-glia communication within enteric ganglia we developed a method to stimulate single enteric neurons while monitoring the activity of neighboring enteric glial cells. We combined cytosolic calcium uncaging of individual enteric neurons with calcium imaging of enteric glial cells expressing a genetically encoded calcium indicator and demonstrate that enteric neurons signal to enteric glial cells through pannexins using paracrine purinergic pathways. Sparse labeling of enteric neurons and high-resolution analysis of the structural relation between neuronal cell bodies, varicose release sites and enteric glia uncovered that this form of neuron-to-glia communication is contained between the cell body of an enteric neuron and its surrounding enteric glial cells. Our results reveal the spatial and functional foundation of neuro-glia units as an operational cellular assembly in the enteric nervous system.
and barrier function independently from enteric neurons, recent evidence does not support this (Grubiši c & Gulbransen, 2017; Rao et al., 2017) . The regulation of ENS functions, therefore, appears to be a collaborative effort of enteric neurons and glial cells that warrants fine-tuned communication between both cell types. This crosstalk is fundamental for both signaling within the ENS and for communication between the ENS and other cell types within and outside the gastrointestinal tract (Grubisic & Gulbransen, 2017; Ochoa-Cortes et al., 2016) .
Several modes of communication between enteric neurons and glial cells have been described. These range from slower signaling mechanisms such as the release of mediators including nitric oxide (Esposito et al., 2007; MacEachern, Patel, McKay, & Sharkey, 2011) and glutathione (Abdo et al., 2010; Brown & Gulbransen, 2017) to rapid communication in the course of enteric neurotransmission. The latter is embodied by the fact that activity displayed by enteric glial cells during nerve-controlled intestinal motor patterns (Broadhead, Bayguinov, Okamoto, Heredia, & Smith, 2012 ) is necessary for normal motility (McClain et al., 2014) and that several neurotransmitters involved in ENS signaling can activate enteric glial cells, at least in vitro Garrido, Segura, Zhang, & Mulholland, 2002; Kimball & Mulholland, 1996; Zhang, Sarosi Jr., Barnhart, & Mulholland, 1998) . A well-described form of enteric neuron-to-glia communication involves neuronal release of purines, which activate purinergic receptors present on enteric glia. This was demonstrated in a number of Ca 2+ imaging studies in which electrical stimulation to specifically activate enteric neurons Gomes et al., 2009; Gulbransen & Sharkey, 2009) or sympathetic extrinsics (Gulbransen, Bains, & Sharkey, 2010 ) also elicited secondary Ca 2+ transients in enteric glial cells. Pharmacological interventions revealed the purinergic nature of this signaling process and led to the concept that adenosine triphosphate (ATP) is co-released with neurotransmitters to engage enteric glial cells during synaptic transmission in the ENS. This mode of neuron-to-glia communication is dependent on nerve conduction and classical neurotransmitter release, and therefore is typically blocked by tetrodotoxin (TTX). However, TTX-insensitive purinergic signaling from enteric neurons to glia has also been demonstrated (Brown, McClain, Watson, Patel, & Gulbransen, 2016; Fung et al., 2017; Gulbransen et al., 2012) . A neuro-glia circuit regulated by vasoactive intestinal peptide (VIP) was recently discovered in the mouse submucosal plexus (Fung et al., 2017) . Here, VIP acting on vasoactive intestinal peptide receptor-1 (VPAC1) expressed by cholinergic neurons stimulates purine release to evoke Ca 2+ transients in enteric glia. Interestingly, activation of vasoactive intestinal peptide receptor-2 (VPAC2) receptors inhibited enteric glial Ca 2+ activity. The exact mechanism and the structural basis of these TTX-insensitive glial responses remains unclear but might involve neuronal ATP release through pannexin 1 (Panx1) channels.
Panx1 is a member of the pannexin family of channel-forming glycoproteins and plays a pivotal role in many neuron-glia interactions (Dahl & Muller, 2014; Hanstein, Hanani, Scemes, & Spray, 2016; Penuela, Gehi, & Laird, 2013; Sosinsky et al., 2011; Wang & Dahl, 2018) . So far, the role of enteric Panx1 channels has only been studied in the context of neuronal cell death and gastrointestinal inflammation (Brown et al., 2016; Gulbransen et al., 2012) . However, pannexin channel mediated signaling is also involved in physiologic information processing and postsynaptic function (Dolmatova et al., 2012; Huang et al., 2007; Thompson et al., 2008) and, therefore, might contribute to ENS activity associated with normal gut function.
In the current study, to investigate the signaling mechanisms and to delineate the spatial aspects of pannexin-mediated enteric neuron- GCaMP3 mice, all enteric neurons and glia express the genetically encoded Ca 2+ indicator, GCaMP3 (Boesmans, Martens, et al., 2013) .
In vivo labeling of enteric glial cells in Sox10|GCaMP3 animals was achieved by intraperitoneal injections of 0.1-0.2 mg/g of 4-hydroxy tamoxifen (4-OHT, Sigma-Aldrich, St. Louis, MO) dissolved in an ethanol/sunflower oil (1:9) mixture at 10 mg/ml. For immunohistochemical and viral vector labeling studies wild-type C57Bl6/J mice were also used. Mice of either sex between 6 and 16 weeks of age were used and sacrificed by cervical dislocation. All experiments were approved by the Animal Ethics Committees of the University of Leuven.
| Mouse enteric nervous system cultures
Primary cultures containing enteric neurons and glial cells were prepared as described previously (Lowette, Tack, & Vanden Berghe, 2014 and laminin (20 μg/ml in PBS; Sigma-Aldrich) and cultured at 37 C (95% O 2 to 5% CO 2 ). After 24 hr, the medium was replaced by serumfree medium supplemented with nerve growth factor (50 ng/ml%, Alomone Laboratories, Jerusalem, Israel), N2 (0.2%), and G5 (0.2%; Invitrogen).
| Viral vector labeling of enteric neurons
Production and purification of recombinant adeno-associated virus 2/9 vector (rAAV2/9) was performed by the Leuven Viral Vector Core (University of Leuven) as previously described (Van der Perren et al., 2011) . Briefly, HEK 293T cells were transfected using a 25-kDa linear polyethylenimine solution using the pAdvDeltaF6 adenoviral helper plasmid, pAAV2/9 serotype and AAV-TF CMV-eGFP-T2A-fLuc (AAV transfer plasmid encoding eGFP and fLuc reporters driven by a CMV promoter) in a ratio of 1:1:1. Viral vector particles collected from the concentrated supernatant were purified using an iodixanol step gradient. The final sample was aliquoted and stored at −80 C. Titers (GC/ml) for AAV stocks were analyzed by real-time PCR. rAAV2/9-CMV-eGFP was delivered to wild type C56Bl6/J adult mice via tail vein injection. 
| Immunofluorescence, confocal microscopy, and image analysis
Immunofluorescent labeling was performed as described previously 
| Data collection and statistical analysis
All data was collected from a minimum of three mice for each experimental condition. For the majority of data sets, n represents the num- 3 | RESULTS
| GCaMP3 expression and function in enteric glial cells
With the purpose of monitoring enteric glia activity specifically, and to avoid interpretation of overlapping neuronal signals (Boesmans, Martens, et al., 2013) we aimed to target the genetically encoded Ca 2+ indicator GCaMP3 to enteric glial cells only. Therefore, we crossed inducible Sox10-CreERT2 mice with the Cre-dependent R26-LsL-GCaMP3 line (Laranjeira et al., 2011; Zariwala et al., 2012) .
The offspring, hereafter termed Sox10|GCaMP3, between 2 and 4 months of age, were treated with a single intraperitoneal injection of 4-OHT 2 weeks prior to experiments to induce recombination in enteric glial cells. Antibody labeling for the glial markers S100β or Sox10 confirmed that the majority of enteric glial cells expressed GCaMP3 (Figure 1a ,b). GCaMP3 expression was present in all enteric glia subtypes residing in the myenteric plexus (Boesmans, Lasrado, et al., 2015) (Figure 1a ). In addition, a number of enteric neurons were found to be GCaMP3-positive, as shown by labeling with antibodies for
HuCD. In a small number of ganglia (±4%), GCaMP3 expression was restricted to enteric neurons.
To validate the functionality of GCaMP3 in enteric glial cells, colonic myenteric plexus preparations were isolated from adult (Boesmans, Martens, et al., 2013; Gomes et al., 2009; Gulbransen & Sharkey, 2009 ). Likewise, stimulation of interganglionic connectives via a focal electrode (50 μm diameter platinum wire) induced Ca 2+ transients in enteric glial cells expressing GCaMP3 (Figure 1f ). These experiments demonstrate that Sox10|
GCaMP3 mice are an excellent tool to monitor enteric glial cell activity and to study enteric neuron-to-glia communication.
| Calcium uncaging in single enteric neurons and glia in vitro
To induce intracellular Ca 2+ increases at the single cell level, we loaded primary ENS cultures derived from Wnt1|GCaMP3 mice, where GCaMP3 is expressed by all enteric neurons and glia (Boesmans, Martens, et al., 2013) Here, Ca 2+ transients could only be detected at the first round of stimulation suggesting that the vast majority of caged Ca 2+ was released during the initial photolysis (Figure 3e ). To ensure cells were still viable after successful photo-stimulation, myenteric plexus preparations were subsequently challenged by 75 mM K + depolarization.
All cells tested (n = 11) displayed significant increases in GCaMP3 
| Enteric neuro-glial units and their relation with neurotransmitter release sites
To investigate the spatial relationship between enteric neurons and glia within myenteric ganglia we combined viral vector mediated GFP transduction of enteric neurons with immunolabeling of enteric glial cells. Adult C57BL/6J mice were transduced via tail vein injection with AAV2/9-CMV-eGFP in order to sparsely label enteric neurons.
After immunostaining for S100β, confocal microscopy and image deconvolution, the number of enteric glia associated with a single GFP+ neuronal cell body was determined. We found that within myenteric ganglia, on average 2.3 enteric glial cells associate with an enteric neuron cell body (Figure 4b,c 
| Enteric neurons use pannexins to signal to glial neighbors via purinergic mechanisms
Purinergic signaling has previously been shown to be the main mechanism by which enteric neurons signal to enteric glia (Gomes et al., 2009; Gulbransen & Sharkey, 2009 ). This is the case for ENS activity involving neuronal firing but also in TTX insensitive neuron-to-glia sig- ;R26R-GCaMP3 mouse 2 weeks after administration of 4-hydroxy tamoxifen. Antibody labeling for GFP (GCaMP3+ cells, green), S100β (enteric glia, blue) and HuCD (enteric neurons, red) shows that the majority of enteric glial cells within myenteric ganglia express GCaMP3. Note that also a few enteric neurons express GCaMP3 (arrow) and that GCaMP3 is expressed by all enteric glia subtypes (arrowheads in merged panel). Scale bar: 50 μm. (b) Quantification of the proportion of GCaMP3 expressing enteric neurons (HuCD+/GCaMP3+, n = 101) and enteric glial cells (S100+/GCaMP3+, n = 1,351) (***p < .0001 two-tailed t test). 
| DISCUSSION
Communication from enteric neurons to glia is paramount for ENS signaling and essential for normal gut function. In the current study, we explored the structural and functional relationship between individual myenteric neurons and surrounding type-I enteric glial cells. Using a combination of single-cell photo-stimulation, selective genetically encoded Ca 2+ imaging and sparse viral vector labeling, we demonstrate that enteric neurons employ pannexins to signal to enteric glial cells in a paracrine purinergic fashion. We are the first to show that pannexin mediated purinergic signaling in the ENS occurs within spatially restricted neuro-glia units. in line with what we observed using Wnt1|GCaMP3 mice (Fung et al., 2017) and with the Ca 2+ indicator dye Fluo-4 (Boesmans, Martens, et al., 2013) and are comparable to other studies using GCaMP3 (Hennig et al., 2015) and GCaMP5G-tdT (McClain & Gulbransen, 2017). Notably, the differences with other studies in terms of expression pattern and response kinetics could be due to the (Doerner, Delling, & Clapham, 2015; Thyssen et al., 2010) . Based on our in situ experiments we conclude that photolysis of NP-EGTA in enteric neurons is ideally suited to induce a sudden cytosolic Ca 2+ concentration increase, which is a trigger for the release of mediators through membrane channels such as pannexins.
To selectively evoke neuronal Ca 2+ transients, others have successfully used application of 2
an agonist of P2X7 receptors exclusively expressed by enteric neurons (Brown et al., 2016; Gulbransen et al., 2012) . This approach results in the stimulation of the overall population of enteric neurons evoking purine release through Panx1, which secondarily activates P2Y1 receptors on enteric glial cells. However, because of the bulk administration of the neuronal agonist and the simultaneous activation of multiple enteric neurons, the spatial extend of this neuron- (Hao et al., 2011; Hao et al., 2013) , and how these relate to the clonal composition of the ENS (Lasrado et al., 2017) , are intriguing questions that are subject to our future research.
Our findings support previous reports showing that enteric neuron-to-glia communication can occur independent of nerve conduction (Brown et al., 2016; Fung et al., 2017; Gulbransen et al., 2012) . It is possible that the glial responses that remain after incubation with TTX are due to activation of TTX resistant Na v channels (Padilla et al., 2007; Rugiero et al., 2003) , which in turn, could make specific neurons signal to enteric glial cells in a synaptic fashion. However, this seems unlikely as only glial cells in close proximity of the stimulated enteric neuron display Ca 2+ transients upon Ca 2+ uncaging. chelators and other optogenetic constructs should enable us to rule out the contribution of such signaling mechanisms (Boesmans et al., 2018; Boesmans, Hao, & Vanden Berghe, 2015) .
A largely unresolved question is how enteric glial cells interpret and process the signals they receive from enteric neurons to eventually execute their presumptive roles in the ENS and in gastrointestinal function. In conclusion, in this study we have been able to stimulate single enteric neurons by means of Ca 2+ uncaging while monitoring the activity of enteric glial cells in situ. We demonstrate that enteric neurons communicate with adjacent enteric glial cells by releasing purines through pannexin channels. Our results uncover a structural and functional basis for neuro-glia units as a novel cellular assembly in the ENS. 
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